We experimentally demonstrate and study the formation and switching dynamics of collectively-ordered ensembles of strongly interacting dissipative Kerr solitons (soliton crystals) in optical microresonators. OCIS codes: 190.5530, 190.4380, 230.3990 Microresonator-based optical frequency combs (Kerr combs) are frequency combs produced by an input continuous wave (CW) laser via parametric frequency conversion processes enhanced within a high-quality microresonator [1] . As demonstrated recently [2], CW-driven microresonators can also operate in the soliton regime, when the intracavity field is represented by one or several soliton pulses (dissipative Kerr solitons, DKS) on the CW-background, providing a low-noise and coherent comb in the frequency domain. Due to their microscale footprint and high repetition rates in the microwave domain (> 10 GHz)such soliton-based Kerr combs have significant application potential in spectroscopy [3] and coherent telecommunications [4] .
Si N 100 μm 3 4 Power ( [5] . (c) Simulations of the excitation of the soliton crystal state in 100 GHz Si 3 N 4 microresonator with forward tuning technique [2, 5] . The typical traces for high-pump-power excitation (blue) and low-pumppower excitation (red) are shown with the corresponding intracavity waveforms achieved in stable states.
Dissipative Kerr solitons are also important from the fundamental perspective of the behavior of nonlinear systems [6] . Their dynamics to large extent depends on various nonlinear and dispersion effects from the resonator and media [7, 8, 9] . Recently, it was suggested that the soliton-soliton interactions in microresonators can be affected by the dispersion disruptions [10] . In particular, the formation of highly ordered DKS ensembles was experimentally demonstrated in silica microdisks, where individual solitons were aligned to the maxima of the intrinsically modulated CW-background. This occurred due to the interference of the driving laser with locally enhanced or decreased soliton lines caused by avoided modal crossing. In such states DKS are able to completely fill the cavity with fully regular (perfect soliton crystal) or almost regular (soliton crystal with defects [10] ) soliton pulse train.
In our work, the formation of perfect soliton crystals and soliton crystals with defects is demonstrated in Si 3 N 4 microrings. Fig.1(a) shows the spectrum of the soliton crystal state with line spacing of 1.5 THz (×15 of the microresonator free spectral range), whose intracavity waveform corresponds to 15 regularly spaced DKS. We explore the formation dynamics of these states under various pump powers using the standard laser tuning method, when the pump laser sweeps over the cavity resonance with increasing wavelength (forward tuning) [2] . It was revealed that the soliton crystals can only be excited at relatively low pump powers ( < 1.2 W for the device presented in Fig.1(a) ), while excitation attempts at higher powers typically lead to the formation of the multiple-soliton state with reduced number of solitons. This behaviour is well reproduced in simulations ( Fig.1(c) ), and can be related to the strength of the chaotic operating regimes (e.g. chaotic modulation instability), which provide highly irregular intracavity field distribution when the system enters the soliton stability region at higher powers.
We also investigate the switching behavior of soliton crystals. We developed a backward-tuning-based method [5] to deterministically eliminate DKS from the cavity (Fig.2(a,b) ). It was found that the ability to switch is also strongly linked to the pump power of the driving laser. In contrast to the generation procedure for the soliton crystals, they are able to switch only above certain threshold power (which is surprisingly very close to 1.2 W for the presented device). Similar behaviour was also observed for other soliton states (including multiple-and single solitons). The key element of our method to enable switching consists of the power translation of the soliton crystal (or any other state) towards higher pump powers (see Fig.2(a) ), while maintaining the soliton state using response measurements [5] . We suggest that the power-dependent switching behaviour of soliton states can be explained with the existence of the instability region ( shown as CW-region in Fig.2(a) ) above a certain pump power characterized with the appearance of transient chaos, causing the soliton decay [11] . Moreover, it should be noted that the developed approach allows to monitor and manipulate two control parameters of the system (pump power and pump-cavity detuning) and comprises a very powerful tool for the exploration of the full parameter space of the stable soliton states with any soliton number.
In summary, we demonstrate soliton crystals in silicon nitride microresonators, and investigate their formation and switching dynamics. We also develop the procedure allowing to deterministically access the whole parameter space of the stable DKS in the Kerr microresonator while maintaining it in soliton operation regime.
